A biotite granodiorite and seven Sn-bearing two-mica granites crop out in the Gouveia area, central Portugal. A SHRIMP U-Th-Pb zircon age from the granodiorite, and monazite ages from four of the two-mica granites, show that they are of Early Ordovician (~480 Ma) and Permo-Carboniferous, i.e. Variscan (~305 and 290 Ma) age respectively. The Variscan two-mica granites are late-and post-D3. Major and trace element variation in the granitic rocks and their biotite and muscovite indicate mainly individual fractionation trends. The granitic rocks are mostly depleted in HREE relative to LREE. The biotite granodiorite is probably derived from igneous lower crust, as evidenced by low initial O (10.7-13.4‰) and major element compositions. However, variation diagrams for major and trace elements from two of the muscovite N biotite granites and their micas define fractionation trends. Rb-Sr whole-rock analyses from the two granites are perfectly fitted to a single isochron and the rocks have subparallel REE patterns; the younger granite is derived from the older by fractional crystallization of quartz, plagioclase, biotite and ilmenite (tested by modelling major and trace elements). Most of the Sn-bearing granites are derived from distinct magma batches. They result from partial melting of a heterogeneous midcrustal metasediment. They do not represent a crustal anomaly in tin. Fractional crystallization is responsible for the increase in the Sn contents of the granites and their micas. Muscovite has a higher Sn content than coexisting biotite and is the principal host mineral for Sn in these rocks.
Introduction
The Gouveia area lies within the Central Iberian Zone, which is the innermost zone of the Iberian Massif. This massif corresponds to the south-western extension of the European Variscan Belt. Large volumes of granitic rocks were emplaced in the region, mainly during the third Variscan deformation D3 from 320 to 300 Ma (Dias et al., 2002) , which generated multiple subvertical strike-slip shear zones (Valle Aguado et al., 2005) . At lower crustal levels, the high temperatures possibly resulted from high thermal gradients from D2 and syntectonic granitoid intrusions. At higher crustal levels D3 occurred under greenschist facies retrograde conditions (e.g. Abalos et al., 2002) . Many of the Variscan granitoids are significantly enriched in Sn. Some early plutonic rocks in the Central Iberian Zone, with ages between 500 and 455 Ma, predate the Variscan orogeny (Zeck et al, 2007) .
Unaltered Sn-bearing granites commonly contain 18-26 ppm Sn (Lehmann, 1990) , four to five times more Sn than ordinary granites (3-5 ppm Sn, e.g. Lehmann, 1987; Solomon et al., 1994) . Fractionation of S-type magmas increases their Sn contents (Lehmann, 1982; Neiva, 1984; Lehmann, 1990; Sawka et al., 1990; Blevin and Chappell, 1995; Neiva, 2002; Gomes and Neiva, 2002) . In general, primary Sn and W deposits are derived from hydrothermal systems related to Sn-bearing granites. Igneous cassiterite occurs only locally in a few granites (Haapala, 1997; Gomes and Neiva, 2002) .
The granitic rocks from the Gouveia area range from granodiorite to granite. Some Variscan granites are cut by Sn-bearing granitic aplitepegmatite dykes and veins , so it is important to characterize the parent granites and explain their Sn enrichment. This paper presents the geology, petrography, mineralogy, geochemistry and isotopic (Rb-Sr, Sm-Nd, δ 18 O, U-Th-Pb) characteristics of the granitic rocks from the Gouveia area. Our aim was to date the emplacement of the granitic rocks, and to understand the mechanisms responsible for their origins, evolution and Sn enrichment. One outcome Lithos xxx (2009) xxx-xxx of our work was the discovery of an undeformed Early Ordovician granodiorite, a rarity in Portugal.
Geology
Granitic rocks, intruded into a Cambrian schist-metagraywacke complex, predominate in the Gouveia area (Fig. 1) . Seven different Variscan two-mica granitoids have been identified (G2-G8), and also an Early Ordovician medium-to coarse-grained slightly porphyritic biotite granodiorite (G1) that crops out in the south around Manteigas. Three of the Variscan granitoids are late-D3; medium-to fine-grained porphyritic muscovite N biotite granite G2, medium-grained slightly porphyritic muscovite N biotite granite G3 and coarse-to very coarsegrained porphyritic biotite N muscovite granite G4. Four of the Variscan granitoids are post-D3; coarse-grained porphyritic muscovite N biotite granodiorite to granite G5, medium-to coarse-grained slightly porphyritic muscoviteN biotite granite G6, medium-grained muscoviteN biotite granite G7 and fine-to medium-grained slightly porphyritic biotite≈muscovite granite G8.
The Early Ordovician granodiorite has a hornfels contact metamorphic aureole. The Variscan granitoids mostly produced a contact metamorphic mica schist, but locally there is an inner zone of pelitic hornfels surrounded by mica schist. Most of the contacts between the granitic rocks are sharp (Table 1) , but the granodiorite to granite G5 locally grades into granite G6. In general, the granites contain xenoliths of metasedimentary origin and rarely microgranular enclaves ( Table 1 ).
The schist-metagraywacke complex and granitic rocks are cut by subvertical aplite and pegmatite veins and NE-SW, NNE-SSW and locally subvertical N-S and NW-SE trending quartz veins containing cassiterite and wolframite. The schist-metagraywacke complex and granites G4, G5, G6 and G8 are also cut by subhorizontal, mainly NW-SE and NE-SW trending, Sn-bearing aplite-pegmatite dykes and veins. NE-SW and NNE-SSW trending faults cut the rocks and quartz veins.
Petrography
According to the classification of Le Maitre et al. (2003) , most of the granitic rocks are granites sensu stricto. G1 and one sample of G5 are granodiorites. All the granitic rocks have a subhedral granular texture and most of them contain feldspar phenocrysts (Table 1) . Some show the effects of deformation; quartz and feldspar have undulose extinction, micas are bent and quartz is fractured. Biotite granodiorite G1and the two-mica granites contain quartz, microperthitic microcline, plagioclase and biotite, but the latter also contain muscovite (Table 1) .
Quartz contains inclusions of the minerals belonging to the mineral assemblage of the granite. Plagioclase and microcline compositions are given in Table 1 . Commonly biotite and muscovite are intergrown and host inclusions of zircon, apatite and ilmenite, but also of magnetite in biotite granodiorite G1, and of monazite in the two-mica granites. The micas in G1, G2, G3 and G4 show some preferred orientation. However, it decreases from G2 to G4 and is less marked in G1. Fig. 1 . A. Location of the study area in Portugal. B. Geological map of the Gouveia area. G1-medium-to coarse-grained slightly porphyritic biotite granodiorite; G2-medium-to finegrained porphyritic muscovite N biotite granite; G3-medium-grained slightly porphyritic muscovite N biotite granite; G4-coarse-to very coarse-grained porphyritic biotite N muscovite granite; G5-coarse-grained porphyritic muscovite N biotite granodiorite to granite; G6-medium-to coarse-grained slightly porphyritic muscovite N biotite granite; G7-medium-grained muscovite N biotite granite; G8-fine-to medium-grained slightly porphyritic biotite ≈ muscovite granite. G1-medium-to coarse-grained slightly porphyritic biotite granodiorite; G2-medium-to fine-grained porphyrithic muscovite N biotite granite; G3-medium-grained slightly porphyritic muscovite N biotite granite; G4-coarse-to very coarsegrained porphyritic biotite N muscovite granite; G5-coarse-grained porphyritic muscovite N biotite granodiorite to granite; G6-medium-to coarse-grained slightly porphyritic muscovite N biotite granite; G7-medium-grained muscovite N biotite granite; G8-fine-to medium-grained slightly porphyritic biotite≈muscovite granite. All granitic rocks contain zircon, apatite, ilmenite and rutile, but G1 also has titanite and magnetite and two-mica granites G2-G8 have monazite. G2 has garnet, G6 shows sillimanite and magmatic andalusite and G6 and G7 contain tourmaline. Phen.-phenocrysts. -they do not occur. ⁎-of long axes of elliptical plutons.
Euhedral garnet crystals in muscoviteNbiotite granite G2 have fractures filled by micas. Euhedral andalusite crystals are included in micas in muscoviteNbiotite granite G6. Needles of sillimanite occur as inclusions in muscovite, more rarely in feldspars and quartz, and locally in andalusite from G6. Schorl occurs in granites G6 and G7 as anhedral unzoned crystals containing inclusions of zircon, apatite and ilmenite. Schorl partially replaces micas.
Some alteration is evident, for example chloritization of biotite and the occurrence of secondary muscovite replacing feldspars, particularly plagioclase. It is most pronounced in granite G2. The dominant chlorite composition is chamosite.
Analytical methods
The major and trace element (Nb, Sn, Zr, Y, Sr, Ba, Rb and Th) abundances in the granitic rocks were determined by X-ray fluorescence (XRF) using the Tertian and Claisse (1982) method, with precisions better than 1% for major elements and Rb, and about ±4% for the other trace elements. Zn, Cu and Pb were determined by ICP-AES with a precision of about ±5%. Li was analysed by atomic absorption with a precision of ±2%. All these determinations were carried out at INETI, S. Mamede de Infesta, Portugal.
The micas were separated with a magnetic separator and heavy liquids to determine their bulk trace elements. The purity was estimated to be~99.8% by petrographic examination. The main contaminants were inclusions of zircon, apatite and monazite. A very small amount of apatite and monazite can contain a very large amount of the REE. Therefore, REE of micas were not determined.
The FeO contents of the granitic rocks and biotites were determined by titration with a standardised potassium permanganate solution with a precision of ±1%. F in the granitic rocks was measured by selective ion electrode analysis with a precision of about ±2%. Loss on ignition (LOI) for rocks was determined following the method of Lechler and Desilets (1987) . Li contents of micas were determined by atomic absorption with a precision of ±2%. These determinations were carried out at the Department of Earth Sciences, University of Coimbra, Portugal. Trace elements in micas and U, REE in the granitic rocks and Th in a few of these rocks were determined by ICP-MS with a precision of ±5% in SGS Laboratory, Toronto, Canada.
The major element compositions of the minerals were determined using the Modified Cambridge Geoscan Link System energy-dispersive system at Manchester University. Selected feldspars, micas and tourmalines were also analysed using a Cameca SX100 electron microprobe at this University, operating at 15 kV accelerating voltage and Table 2 Average whole-rock chemical analyses in wt.%, trace elements and rare earths in ppm of granitic rocks from the Gouveia area, central Portugal Nd ratios were determined by ICP-MS following the method developed by Montero and Bea (1998) , with a precision better than ±1.2% and ± 0.9% (2σ) respectively.
Whole-rock oxygen isotopic compositions were measured, using a quartz standard, with a reproducibility of ±0.2‰ at the Department of Earth Sciences, the University of Western Ontario, Canada.
Biotite granodiorite G1 and two-mica granites G3, G4, G5 and G8 were selected for zircon or monazite U-Th-Pb isotopic dating. About 500 g of each rock were crushed to b250 μm and the high density, weakly magnetic minerals N20 μm diameter extracted using high density liquids and a Frantz magnetic separator respectively. Final purification of the monazite and zircon separates was by hand picking.
Zircon and monazite were mounted separately in epoxy resin with grains of reference material; monazite-Thompson Mine WB. T.239 (radiogenic 206 Pb/ 238 U = 0.3152, U ≈ 2100 ppm), zircon-Temora ( 206 Pb/ 238 U = 0.06683) and SL13 (U = 238 ppm). The mounts were photographed in transmitted and reflected light, and the zircon internal textures imaged by cathodoluminescence (CL) using an Hitachi S-2250N SEM, prior to SHRIMP analysis. The monazite was imaged by backscattered electrons using a Cambridge Instruments Stereoscan 360 after SHRIMP analysis.
The U-Th-Pb isotopic analyses were carried out on SHRIMP ion microprobes at the Australian National University. Zircons from biotite granodiorite G1 were analysed on SHRIMP RG. Monazites from the two-mica granites were analysed on SHRIMP II. Analytical conditions were similar to those described by Williams et al. (1996) . A 3-4 nA primary beam of 10 kV O 2 − ions was focused to a probe~25 μm diameter. Secondary ions were extracted at 10 kV and mass analysed at a Variation diagrams for whole-rock major and trace element abundances in the granitic rocks from the Gouveia area. Symbols: ▲-biotite granodiorite G1; ▼-muscovite N biotite granite G2; ⊡-muscoviteNbiotite granite G3; •-biotite N muscovite granite G4; ♦-muscovite N biotite granodiorite to granite G5; ◈ -muscovite N biotite granite G6; ×-muscovite N biotite granite G7; +-biotite ≈muscovite granite G8.
resolution of about 5000. Ce, Zr, Pb, U and Th species were measured on a single electron multiplier by cyclic stepping of the analyser magnet field. Isotopic compositions of the Pb were measured directly, without correction for mass dependent mass fractionation (~2‰/AMU). Corrections for inter-element fractionation were made assuming a power 
G8
. Fig. 4 . Cathodoluminescence (CL) images of representative zircon grains from Early Ordovician biotite granodiorite G1. Grain numbers correspond to those in Table 3 . Ellipses mark the areas dated by SHRIMP U-Th-Pb. Uncertainties in the measured ages (Ma) are one standard error precision estimates. law relationship between Pb/U and UO/U or Pb/Th and ThO/Th (Claoué- Long et al., 1995) . Common Pb corrections to the monazite analyses were small, so the common Pb was assumed to be surface contamination of Broken Hill galena composition. Corrections were made assuming Pb-U concordance. The monazite 206 Pb/ 238 U measurements were also corrected for the presence of initial 230 Th (Schärer, 1984) , assuming Th/U = 4 in the melt phase of the magmas. Common Pb corrections to the zircon analyses were larger, so the common Pb in each grain was assumed to have a composition consistent with the age of the grain (Cumming and Richards, 1975) . The ages calculated by the two methods were in close agreement. All ages were calculated using the decay constants recommended by the IUGS Subcommission on Geochronology (Steiger and Jäger, 1977) .
The uncertainties listed in the data tables and plotted in the Concordia diagrams are 1σ analytical precision estimates. The uncertainties in the calculated mean ages for each sample are 95% confidence limits, i.e. t sigma, where t is the Student's t multiplier, and include the uncertainties in the inter-element calibrations (0.37% for monazite Pb/U, 0.30% for monazite Pb/Th and 0.40% for zircon Pb/U).
Whole-rock geochemistry
The major, trace and rare earth element contents of granitic rocks from the Gouveia area are listed in Table 2 . The granitic rocks are all peraluminous, with average molecular A/CNK ratios (Al 2 O 3 /(CaO + Na 2 O + K 2 O)) of 1.03 to 1.34. The average normative corundum content is 0.81% in biotite granodiorite G1, and ranges between 1.22 and 4.58% in the two-mica granites.
Total FeO has been chosen as a differentiation index for the variation diagrams because it shows more variability in the granitic rocks than SiO 2 . The variation diagrams for selected major and trace elements in the granitic rocks show mainly subparallel curvilinear trends (Fig. 2) . However, the muscovite N biotite granodiorite to granite G5 and granite G6 together define a single curvilinear variation trend in each diagram.
The chondrite-normalized REE patterns of all granitic rocks (Fig. 3) show enrichments in LREE relative to HREE (La N /Lu N ) = 2-18. Muscovite N biotite granite G2 is the lowest in ΣREE and has a very unusual pattern attributed to some alteration effects. Muscovite N biotite granodiorite to granite G5 is the highest in ΣREE. The REE patterns of G5 and G6 are subparallel and the REE concentrations decrease from the former to the latter. However, most of the REE patterns cross-cut each other in LREE and HREE.
Isotopic data

SHRIMP U-Th-Pb analyses of zircon and monazite
The zircon grains from biotite granodiorite G1 are mostly large, clear, weakly coloured and sharply euhedral to slightly rounded. Cathodoluminescence imaging shows that most have relatively simple euhedral oscillatory zoning consistent with a single generation of zircon growth (Fig. 4) . Very few grains have structurally discordant cores. Twelve U-Th-Pb isotopic analyses of 9 grains are listed in Table 3 and plotted on a Concordia diagram in Fig. 5 . All analyses, even of possible cores (e.g. 7.2, Table 3), are concordant within analytical uncertainty at~480 Ma. All analysed grains have the same 206 Pb⁎/ 238 U within uncertainty, equivalent to a weighted mean age of 481.8 ± 5.9 Ma, which we interpret as the crystallization age of the granodiorite (Early Ordovician). The monazite grains from the dated two-mica granites (G3, G4, G5 and G8) are honey yellow, euhedral, equant to slightly elongated and 80-250 μm diameter. BSE images of the analysed grains from granites G4 and G8 show relatively simple concentric zoning, but in the grains from G5 that zoning is, in many cases, modified by patchy recrystallization (Fig. 6 ). Simple zoning is rare in the monazite from G3; most grains either have no obvious zoning or have a mosaic texture, and recrystallization, particularly around the margins of the grains, is common (Fig. 6) .
U-Th-Pb isotopic analyses of 10 grains from each sample are listed in Table 4 and plotted on Pb-U-Th concordia diagrams in Fig. 7A-D 7D ). The monazite in each granite is considered to be an igneous mineral, so the monazite ages are considered to record granite crystallization. The four granites are Variscan, but G5 and G8 are significantly younger than G3 and G4 (Table 5) . The rare older monazite grains in granite G3 are considered to be inherited.
Rb-Sr, Sm-Nd and oxygen whole-rock analyses
Rb-Sr whole-rock isotopic analyses of biotite granodiorite G1 and two-mica granites G3-G8, and Sm-Nd isotopic analyses of G1, are listed in Table 6 . Whole-rock oxygen isotopic compositions (δ 18 O) are listed in Table 7 .
The six whole-rock Rb-Sr analyses of granites G5 and G6 lie within analytical uncertainty on an isochron (Fig. 8) which yields an age Fig. 6 . Backscattered electron (BSE) images of representative monazite grains from the four dated two-mica granites (G3, G4, G5, G8) from the Gouveia area. Grain numbers correspond to those in Table 4 . Light grey ellipses mark the areas dated by SHRIMP U-Th-Pb. Dark elliptical marks are pits produced during an initial SHRIMP reconnaissance study of the grains. Uncertainties in the measured ages (Ma) are one standard error precision estimates. Sr ratios for the two-mica granites are significantly higher: G3: 0.7174 ± 0.0060, G4: 0.7090 ± 0.0001, G5: 0.7076 ± 0.0003, G6: 0.7078 ± 0.0010, G7: 0.7129 ±0.0036 and G8: 0.7115 ± 0.0011 (Table 6 ). The δ
18
O values for the two-mica granites from the Gouveia area are also very high: G2: 12.3‰, G3: 13.4‰, G4: 12.1‰, G5: 10.7‰, G6: 11.2‰, G7: 12.8‰ and G8: 11.5‰ (Table 7) . The mean δ
O value rises from G5 to G6 (Fig. 9 ).
Mineral chemistry
Feldspars
The compositions of plagioclase and microcline from the eight granitic rocks are listed in Table 1 . Neither feldspar contains significant P 2 O 5 . The anorthite content decreases from phenocryst to matrix plagioclase. The Ba content of matrix microcline is lower than that of phenocryst microcline, suggesting that the phenocrysts were precipitated from the melt-phase of the magmas (e.g. Long and Luth, 1986) . Anorthite content of phenocryst and matrix plagioclase decrease from G5 to G6. The orthoclase content tends to increase and the Ba content decreases in both the phenocryst and matrix microcline from G5 to G6.
Micas
The average major and trace element contents of the analysed biotites and muscovites are given in Tables 8 and 9 ) of 0.16-0.29 (Rieder et al., 1999) . The biotites have compositions similar to those found in biotites from calc-alkaline rocks and aluminium-potassic rock series, respectively (Nachit et al., 1985) .
Trace element variations in the biotites define subparallel trends for the plutons (Fig. 10A-C) , except the biotites from G5 and G6, which lie on a single trend. 
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The large muscovite flakes from the granitic rocks of the Gouveia area (Table 9 ) have the composition of primary muscovite (Miller et al., 1981; Monier et al., 1984) ; they have higher TiO 2 contents than the secondary muscovite formed by alteration of plagioclase (Table 9) . Plotted against whole-rock total FeO, the variation in some trace elements in the muscovite defines a trend from G5 to G6, and individual trends for G4, G7 and G8 (Fig. 10D-F 
] (O, OH, F).
Garnet is an early mineral in the crystallization sequence of granite G2. It has a homogeneous almandine-spessartine composition (Alm 78.6 Sp 17.3 Pyr 3.4 Gros 0.7 ). Andalusite and sillimanite occur in the strongly peraluminous granite G6 (average A/CNK = 1.27). The andalusite is relatively pure, containing only 0.40 wt.% FeO. The sillimanite needles were too fine to analyse. Euhedral andalusite is included in micas. Sillimanite is included in andalusite, muscovite, feldspars and quartz. Therefore, andalusite and sillimanite are early minerals and sillimanite is earlier than andalusite. The euhedral andalusite crystals have similar dimensions to those of other magmatic minerals. Andalusite is in equilibrium with coexisting biotite that has Al IV of 1.268 apfu (on the basis of 11 atoms of oxygen). This andalusite corresponds to the cotectic type 2c (water-undersaturated, T↓) of Clarke et al. (2005) . Schorl from G7 has a lower (Fe/(Fe + Mg) atom = 0.64) than that of G6 (0.77). In both granites, schorl crystals are homogeneous in composition. Ilmenite from G1 has 0.13 wt.% MnO, whereas that in the twomica granites has on average 4.26-5.04 wt.% MnO. Magnetite only occurs in G1 and has the composition of a pure end-member.
Discussion
Early Ordovician biotite granodiorite G1
The pre-Variscan basement of the Central Iberian Zone (CIZ) contains three main belts of Cambro-Ordovician igneous rocks: a) the metavolcanic rocks and metagranites of the Olho de Sapo Formation; b) the metagranites of the northernmost zone of the SchistGraywacke Domain; c) the Carrascal-Portalegre granitoids and the 304.1 ± 2.9(3.9) 301.4 ± 1.6(2.6) G5 290.1 ± 2.4(3.4) 288.6 ± 1.5(2.5) G8 287.7 ± 2.0(3.1) 288.7 ± 1.6(2.6)
The uncertainty without brackets is the internal precision (95% c.l.). The uncertainty in brackets includes the uncertainty in the Pb/U or Pb/Th calibration. metavolcanic rocks of the Urra Formation, further south (Bea et al., 2007) . Pre-Variscan igneous rocks are rare in Portugal and were previously unknown in the present study area. Biotite granodiorite G1, emplaced in the Early Ordovician (481.8 ± 5. 9 Ma) , is located in the Schist-Graywacke Domain~200 km west from the northernmost zone. Biotite is the only mafic mineral, but G1 also contains titanite and magnetite, is calc-alkalic (Frost et al., 2001) and weakly peraluminous (A/CNK = 1.03), has low ( 87 Sr/ (Tables 6 and 7) , and shows a differentiation trend in variation diagrams for major and trace elements (Fig. 2) . It has some characteristics distinct from those of other Pre-Variscan metagranites (Bea et al., 2007) , namely higher Fe/(Fe + Mg) of 0.79, Na 2 O N K 2 O and positive εNd 482 , but these characteristics are similar to those of the Early Ordovician I-type granitic rocks from the Oledo pluton, central Portugal, located in the same belt of the Central Iberian Zone (Antunes, 2006 pure mantle source. Possibly mantle-derived magma heated predominantly igneous lower crust at the crust-mantle interface and caused crustal partial melting, after which granitic magma was rapidly transferred to upper crustal levels (Bea et al., 2007) . Granodiorite G1 is undeformed, because is located in the south near Manteigas (Fig. 1) , where there was no significant regional deformation.
Variscan two-mica granites
The seven two-mica granites G2-G8 are alkalic-calcic (Frost et al., 2001) , strongly peraluminous, with A/CNK ranging between 1.16 and 1.34 (except for granodiorite G5, A/CNK = 1.06) and K 2 O N Na 2 O (Table 2) . They contain monazite and ≥ 1.22% normative corundum, are LREE-enriched, have negative Eu anomalies (Fig. 3) Table 7 ). Significant differences in the monazite U-Th-Pb ages of the twomica granites occur at~305 Ma for G3 and G4,~290 Ma for G5 and G8 (Table 5 ), suggesting that these granites are related to two separate tectonic events. The former are late-D3 and the latter are post-D3. The last ductile deformation phase D3, of Namurian-Westphalian age, was followed by a brittle deformation phase D4 in the Permian (Pereira et al., 1993) , which controlled the emplacement of granites G5-G8. There are no significant mineralogical, chemical (major, trace and REE elements) and isotopic (( 87 Sr/ 86 Sr) i and δ
18
O)) distinctions between late-and post-D3 two-mica granites, if analytical uncertainties are taken into account. In other Portuguese areas of the CIZ, however, a major change occurred at about 300 Ma between calc-alkaline and alumino-potassic biotite granitoids emplaced between 320 and 300 Ma and subalkaline ferro-potassic biotite granites emplaced at 296-290 Ma (Dias et al., 1998) .
Three phases of deformation are recognized in the CIZ. D1 started at about 360 Ma and D2 occurred during the Early-Middle Carboniferous. These correspond to the collisional stage of the Variscan orogeny, with crustal thickening associated with partial melting. The late stage D3 deformation phase is related to strike-slip shear zones (e.g. Abalos et al., 2002) . Granite emplacement at 320-300 Ma postdates D2, and is mainly related to D3 (e.g. Dias et al., 1998) . In general, the voluminous and widespread 340-300 Ma, collision-related, strongly peraluminous granites (A/CNK ≥ 1.1) of the Variscan orogeny of Europe were emplaced after crustal thickening, as almost all post-date an early collision-related medium-pressure metamorphic event (Finger et al., 1997) . Portuguese strongly peraluminous two-mica granites (PSPG) that were emplaced in the CIZ during D3 and have been dated by whole-rock Rb-Sr isochrons, range in age from 336 ± 9 Ma (Neiva, 1993) to 287 ± 7 Ma Neiva, 1999/2000) . ID-TIMS U-Pb ages of both zircon and monazite from PSPG of the Castelo Branco pluton are 310 ± 1 Ma (Antunes et al., 2008) . Therefore, as is common elsewhere in Europe, the PSPG were emplaced after crustal thickening.
The PSPG from the Gouveia area can be compared with other PSPG of different ages from the CIZ, namely from Gerez at 336 ± 9 Ma (Neiva, Column headings as in Table 1 . (Neiva, 1998) , Ervedosa at 328 ± 9 Ma (Gomes and Neiva, 2002) , Jales at 320 ± 12 and 309 ± 3 Ma (Neiva, 1992; Neiva et al., 1995) , the Castelo Branco pluton at 310 ± 1 Ma (Antunes et al., 2008) and Carregal do Sal-Nelas-Lagares da Beira from 308 ± 11 to 287 ± 7 Ma Neiva, 1999/2000) . Independent of their age, all have similar mineralogical, chemical and isotopic characteristics because most originated by partial melting of metasedimentary materials and some are the products of fractional crystallization of strongly peraluminous granitic magma (e.g. Neiva, 1992) .
Granites G5 and G6 seem to be closely related to each other through a magmatic differentiation process, as evidenced by (1) a local gradational contact between the two plutons (Table 1) ; (2) similar trend lines in variation diagrams for major and trace elements from whole-rocks, trace elements from biotite and muscovite (Figs. 2, 10 ) and in major and trace elements vs. whole-rock δ 18 O (Fig. 9) ; (3) subparallel REE patterns (Fig. 3) , co-linearity on a whole-rock Rb-Sr isochron (Fig. 8) and decreases in plagioclase Ca and microcline Ba from G5 to G6 (Table 1) .
The intrusive contacts between biotite granodiorite G1 and twomica granite G4 and between most two-mica granites are sharp (Table 1 ). The whole-rock variation diagrams for CaO, F, Sn, Li, Y, Zn and Sr show that the fractionation trends defined by G5 and G6 are independent of those individually defined by granites G2, G3 and G4 Cr  98  69  50  16  49  V  336  136  157  49  149  Nb  11  150  190  271  189  Zn  301  835  646  1144  968  Sn  4  39  93  117  62  Li  455  1508  2197  3789  3360  Ni  39  23  9  6  11  Zr   24   16  25  68  36  Cu  18  24  30  41  26  Sc  50  18  37  7  15  Ba  834  152  256  105  355  Rb  446  1323  1610  2077  1583 Column headings as in Table 1 .
-not detected. Major elements determined by EPMA, FeO by titration and trace elements by ICP-MS on biotite separates. (Fig. 2) . Although the youngest granites G7 and G8 plot close to other two-mica granites, whole-rock diagrams for Ca, F, Y, Zn and Sr (Fig. 2) show that they cannot be related to them. As G8 is younger than G7, both must also derive from distinct magma batches. Variation diagrams for Sn, Ba and Rb of biotite and muscovite (Fig. 10) , wholerock REE patterns that mostly cut each other (Fig. 3) , differences in ( 87 Sr/ 86 Sr) i ratios for G3-G5 and G8 (Table 6 ) and irregular differences in δ
18 O values for all the two-mica granites from the oldest G2 to the youngest G8 (Table 7) , support the conclusion that granites G2-G5, G7 and G8 were derived from different magma batches. It can be tested whether the two-mica granites G2-G5, G7 and G8 might have resulted from different degrees of partial melting of a fixed volume of crust. With increasing degrees of partial melting, such a process would produce a sequence of magmas that became progressively more mafic and contained more Fe, Mg, Ca, Ba, Zr and Ce, and less Si (e.g. Holtz and Barbey, 1991; Bogaerts et al., 2003) . From G2 to G4, with a progressive decrease in Si, a progressive rise in Ti, Fe, Mg, Zr and Ba occurs ( Table 2 ), such that G4 might represent the highest degree of partial melting at the highest temperature. However, F and LREE contents also increase progressively, indicating the G4 might represent the lowest degree of partial melting (e.g. Williamson et al., 1996) . This inconsistency makes it unlikely that these three granites represent a batch melting series, a conclusion supported by the differences in their ( 87 Sr/ 86 Sr) i (Table 6 ) and whole-rock δ
O (Table 7) . Granites G5 and G8 are significantly younger than G3 and G4 (Table 5) . Granites G7 and G8 have higher Si and Li contents and lower Ti, Fe, Mg, Ca, Zr, F and LREE contents than G5 ( Table 2 ), indicating that G5, G7 and G8 cannot result from increasing degrees of partial melting of a single source, a conclusion again supported by the differences in their ( 87 Sr/ 86 Sr) i and δ 18 O (Tables 6, 7) .
Major and trace elements were used to test whether G5 and G6 were related through fractional crystallization. The most mafic sample Fig. 10 . Variation diagrams of some trace elements of biotites and muscovites from granitic rocks of the Gouveia area versus total FeO in these rocks, used as differentiation index. Symbols as in Fig. 2 . Fig. 11 . Plot of modal quartz, plagioclase and biotite in cumulate, and of calculated trace element contents in granitic rocks G5 and G6, from the Gouveia area versus weight fractionation of remaining melt during fractional crystallization. Symbols as in Fig. 2 . Fr-weight fraction of remaining melt during fractional crystallization. 13 A.M.R. Neiva et al. / Lithos xxx (2009) xxx-xxx of granodiorite G5 was selected as the parent magma, and the compositions of other samples of granites G5 and G6, which do not show any metasomatic effects (secondary muscovite and chlorite), were taken as the residual liquids. Compositions of microcline, micas and ilmenite determined by electron microprobe analyses and pure anorthite, albite and quartz were used in the modelling. The percentage of quartz increases and that of plagioclase and biotite decreases in the cumulate with the decrease in weight fraction of remaining melt during fractional crystallization from granodiorite G5 to granite G6 (Fig. 11, Table 10 ). The anorthite content of plagioclase in the cumulate is always similar to that of the core of plagioclase phenocrysts in granodiorite G5.
The Sr, Ba and Rb contents of the residual melts were calculated using the concentration of each element in granodiorite G5, the modal composition of cumulate, the weight fraction of remaining melt during fractional crystallization, as well as the distribution coefficients for Sr, Ba and Rb in biotite given by Icenhower and London (1995) , for Sr and Ba in plagioclase given by Blundy and Wood (1991) , and for Rb in plagioclase given by Nash and Crecraft (1985) . Sr and Ba decrease, and Rb increases as the weight fraction of remaining melt decreases from G5 to G6 during fractional crystallization (Fig. 11, Table 10 ). The bulk distribution of Ba and Rb is mainly controlled by biotite, while that of Sr is essentially controlled by plagioclase. The calculated and measured values for Sr are very similar (Table 10 ), but the calculated Ba values are higher than measured and the calculated Rb values are lower, probably because the distribution coefficients have large uncertainties. Granite G6 was derived from the granodiorite G5 magma by fractional crystallization of plagioclase, biotite, quartz and ilmenite (Table 10) .
Most REE in granites are concentrated in accessory minerals. The decrease in LREE from G5 to G6 (Fig. 3) might be due to fractionation of monazite, the decrease in MREE can be attributed to fractionation of apatite and zircon, and the decrease in HREE can be explained by fractionation of zircon (e.g. Yurimoto et al., 1990) . This is consistent with the decrease in Zr content from G5 to G6 (Table 2) . G6 has a much higher Rb/Sr than G5, so the calculation of initial 87 Sr/ 86 Sr is highly age-dependent. However, the six whole-rock analyses from the two granites plot within error on a single Rb-Sr isochron (Fig. 8) O value from G5 to G6 (Fig. 9 ) is within the range for a fractional crystallization process (e.g. White, 2003) and is explicable in terms of that process.
The two-mica granites G2-G5, G7 and G8 contain metasedimentary enclaves (Table 1) (Tables 6, 7) are consistent with an origin by partial melting of metasedimentary crustal rocks (Chappell and White, 1992) . Small differences between these isotopic values, and the wide range of Th/U and age (~2.1-0.35 Ga) in abundant inherited zircon cores that will be reported elsewhere, indicate that the source materials were heterogeneous. As most of these granites have CaO/Na 2 O ratios ranging between 0.13 and 0.27, they were produced from clay-rich sources (plagioclase-poor), suggesting that they are magmas derived from pelites (Sylvester, 1998) . G5 and G8, however, have higher CaO/Na 2 O ratios (0.42 and 0.38 respectively), indicating that they might be derived from partial melting of pelites containing a clay-poor sediment component such as graywacke. Granites produced by dehydration melting of felsic metapelites are characterized by relatively low concentrations of Al 2 O 3 + FeO + MgO + TiO 2 of 15-18 wt.% and an elevated Al 2 O 3 /(FeO + MgO + TiO 2 ) ratio of 10-25 (Sylvester, 1998; Patiño Douce, 1999) . The two-mica granites from the Gouveia area have Al 2 O 3 + FeO + MgO + TiO 2 ranging between 15 and 17 wt.% and the Al 2 O 3 /(FeO + MgO + TiO 2 ) ratio is 25 for G2, 13 for G3 and 17 for G7, confirming that they are derived from felsic metapelites. The ratio is much lower in G4, G5 and G8 (6, 5 and 7 respectively), consistent with the derivation of those granites from a source containing both metapelite and metagraywacke. The two-mica granites were emplaced in the Cambrian schist-metagraywacke complex, consisting of phyllite with intercalations of metagraywacke and marble which may have been the source, but younger material was also involved, as indicated by ages as low as~350 Ma that we have measured on some zircon cores.
The crustal partial melting event cannot have been caused by the introduction of heat by mafic magma intruded into the crust from below-a large amount of mafic magma would have been necessary, yet the two-mica granites are isotopically evolved and contain only rare microgranular enclaves. The crust partially melted as a result of the high geothermal gradient produced by orogenesis and tectonic events in the Late Carboniferous (Asturian) and the Early Permian (Saalinian), which explains the significant differences in the monazite U-Th-Pb ages of the two-mica granites at~305 Ma for G3 and G4 and~290 Ma for G5 and G8. Therefore, these granites are derived by partial melting of heterogeneous crustal materials caused by crustal thickening and two distinct tectonic events.
The chemical compositions of the large muscovite flakes from the Variscan granites of the Gouveia area (Table 9) show that muscovite is magmatic which is confirmed by the variation in some trace elements in muscovite versus whole-rock total FeO (Fig. 10) . The Si content of white micas coexisting with K-feldspar, quartz and phlogopite increases with pressure (e.g. Massonne and Szpurka, 1997). The Si contents of the analysed magmatic muscovites are mostly 3.1 apfu (on the basis of 11 oxygens).
The magma temperature during the growth of muscovite can be estimated by assessing the solidus temperature in the haplogranite system. Excess Al 2 O 3 lowers the haplogranite solidus by about 30°C (Clarke et al., 2005) . Fluorine, Li and B also lower the solidus (e.g. Manning, 1981; London and Burt, 1982; Pichavant and Manning, 1984; Kawakami, 2001) . The granites from the Gouveia area contain up to 0.18 wt.% F, 242 ppm Li and abundant magmatic muscovite (Tables 1, 2) . The intersections of the curve for granitic melts (Johannes and Holtz, 1996) and the Si-isopleths for muscovite containing 3.1 apfu Si (Massone and Schreyer, 1987; Massone and Szpurka, 1997) are about 633 and 625°C (estimated from Klein et al., 2008) . Application of the Si-in phengite barometer (Massone and Schreyer, 1987; Massone and Szpurka, 1997) gives an estimated emplacement pressure of 4.5-4.8 kb which, assuming a density of 2.8 g/cm 3 for the mainly phyllitic hanging-wall rocks (Neiva et al., 1990) , corresponds to a minimum intrusion depth of 17-18 km. This pressure estimate depends on the assumed crystallization temperature for muscovite. Granite G6 contains magmatic muscovite and andalusite, which are stable in this pressure range (Clarke et al., 2005) . The granites were emplaced under relatively reducing f O2 conditions, as they contain ilmenite. The late-and post-D3 two-mica granites from the Gouveia area were emplaced at similar P-T and depth conditions at mid-crustal levels. Variscan two-mica granites from northern Portugal and the western Bohemian Massif, Germany, also intruded to mid-crustal levels (Beetsma, 1995; Klein et al., 2008) , whereas Variscan biotite granites from the Massif Central, France, were formed by partial melting of the lower crust (e.g., Downes et al., 1987) .
Origin of the high Sn content in the granites
The average Sn content of the unaltered two-mica granites from the Gouveia area ranges from 16 to 40 ppm (Table 2) , identifying them as Sn-bearing granites in the sense of Lehmann (1990) . The Sn content of all the two-mica granites is negatively correlated with total FeO (Fig. 2) , showing that fractional crystallization caused an increase in the Sn content of each granite magma. During fractional crystallization of granodiorite G5, there was an increase in Sn content from 16 to 34 ppm, reached in granite G6 (Fig. 2) . Sn-bearing aplitepegmatite sills derived from the G8 magma by fractional crystallization of quartz, plagioclase, potassium feldspar and biotite contain up to 47 ppm Sn, which is retained in micas, as cassiterite was not found . There was an increase in Sn content from 15 to 47 ppm.
Fractional crystallization is well-known to be a very important mechanism in the production of Sn-bearing granites (Lehmann, 1982; Neiva, 1984; Lehmann, 1987 Lehmann, , 1990 Sawka et al., 1990; Blevin and Chappell, 1995; Neiva, 2002; Gomes and Neiva, 2002) . The weakly peraluminous biotite granodiorite G1 has a Sn content below the detection limit of 4 ppm. Although it shows fractionation trends for major and trace elements (Fig. 2) , Sn is very low even in the most evolved sample of this granodiorite (Table 2) . Among the strongly peraluminous two-mica granites, G4 is the granite that has the lowest Sn content (8 ppm), which increased up to 23 ppm by fractional crystallization (Fig. 2) . The country rock phyllite consisting of quartz, muscovite, biotite, chlorite, albite, zircon, rutile and ilmenite contains 4 ppm Sn (Ramos, 1998) . The initial Sn content of the granite magma depends on the initial Sn content of the metasediment that partially melted, the mineral phases that broke down to release the Sn and the bulk distribution coefficients. The two-mica granites are products of melting of mica-rich sources. Initially strongly peraluminous magmas can fractionate to produce strong Sn enrichments, but most initially metaluminous (and possibly weakly peraluminous) magmas do not.
The Sn contents of the two-mica granites are positively correlated with the Sn contents of their micas (Fig. 12) . Tin contents in biotite and muscovite from granites G4 and G8, and the sequence formed by G5 and G6, increase as whole-rock total FeO decreases (Fig. 10) . Therefore, fractional crystallization also causes an increase in Sn contents of micas. The distribution coefficient of Sn between micas (Bt and Ms) and whole-rock (Wr) is 2-4 for D (Sn) Bt/Wr and 4-6 for D(Sn)
Ms/Wr , the highest values being in the sequence defined by granites G5 and G6. The partition coefficient for Sn between coexisting biotite and muscovite from granites G5 and G6 is D(Sn) Bt/Ms = 0.7. Mica is the principal host for Sn in the two-mica granites. Muscovite has a higher Sn content than coexisting biotite (Tables 8 and 9 ), as generally found elsewhere in Iberian Sn-bearing granites (Neiva 2002) . The ratio Rb/Sr is taken as an independent indicator of the degree of magmatic differentiation. Correlation lines have only been drawn for the granitic rocks G3, G4, G5-G6, G7 and G8 (Fig. 13) where the correlation as a function of the number of data and the correlation coefficient can be considered valid at 99% probability. The correlation lines follow essentially Sn enrichment patterns in accordance with a fractional crystallization model. The fractionation trends are traceable Fig. 13 . Correlation of log Rb/Sr-log Sn for granitic rocks of the Gouveia area. Global reference fields from Lehmann (1990) . Symbols as in Fig. 2 . back to 4 ppm Sn in the least evolved portions. Therefore, a primary Sn enrichment beyond average shale composition is not justified (Lehmann, 1990) and consequently the Gouveia area does not represent a crustal anomaly in Sn, which is supported by the 4 ppm Sn content of the country phyllite. The different slopes of the fractionation trends are caused by the degree of Sn enrichment during magmatic differentiation. The low f O 2 favors enrichment of Sn in residual liquids (e.g. Ishihara et al., 1980; Lehmann, 1990 O values and major, trace and REE element contents. These indicate that the granites were derived by partial melting of heterogeneous metasediments, mainly metapelites, but also some metagraywackes. Melting occurred in the mid-crust as a result of the high geothermal gradients caused by crustal thickening and two distinct tectonic events, one in the Late Carboniferous (Asturian) and the other in the Early Permian (Saalinian). 5) The major and trace element compositions of two-mica granites G5 and G6 lie on fractionation trends. The trace element contents of their micas also define fractionation trends. Both granites lie on a single whole-rock Rb-Sr isochron. G6 was derived from G5 magma by fractionation of plagioclase, biotite, quartz and ilmenite. Fractional crystallization was not accompanied by assimilation of metasediments, as G5 and G6 have the same ( 87 Sr/ 86 Sr) 294 . 6) Variscan Sn-bearing two-mica granites from the Gouveia area do not represent a crustal anomaly in Sn. Fractional crystallization increased the Sn content of the magmas, and muscovite is the main host for Sn in the rocks.
